In this paper, the origin of positive zeta potential exhibited by nanodiamond particles is explained. Positive zeta potentials in nano-structured carbons can be explained by the presence of graphitic planes at the surface, which leave oxygen-free Lewis sites and so promotes the suppression of acidic functional groups. Electron Microscopy and Raman Spectroscopy have been used to show that positive zeta potential of nanodiamond is only exhibited in the presence of sp 2 carbon at the surface.
Introduction
When a solid surface comes into contact with an aqueous solution, a surface charge is created at the solid surface. This charge originates from either acid-base reactions between surface functional groups and the aqueous solution, or the adsorption of water ions. For this reason the majority of these interactions result in an overall net negative charge due to the de-protonation of surface oxides, carboxyl/hydroxyls etc. that are prevalent at most solid surfaces. Positive charges are less common and usually due to the protonation of amine surface groups, or in the case of hydrophobic surfaces, the ordering of water ions at the interface.
The origin of the positive zeta potential (and thus surface charge) on diamond nanoparticles has been controversial, resulting in multiple models to explain its origin. [1] [2] [3] [4] However, diamond remains a model system where the surface groups can easily be controlled and are stable across a wide pH range. Nanodiamond's surface groups strongly depends on their production methods and non-diamond areas (sp 2 ) are commonly present in the surface, particularly in detonation diamond (DND), 1, 5 but also in bigger size particles. For most applications, 6 a homogenized diamond surface is desirable and many studies have been performed to control the sp 3 /sp 2 ratio, attempting to remove all the sp 2 carbon for subsequent diamond's surface functionalization. 7 On the other hand, the presence of sp 2 carbon can lead to the diamond surface's reconstruction. The sp 2 carbon in the form of graphitic-like carbon or amorphous carbon is highly reactive and can promote the diamond nanoparticles' surface functionalization. 8 In this work it is shown that the positive zeta potential in diamond cannot be generated without the presence of sp 2 bonding. The unusual positive zeta potential origin is shown to be related to the protonation of the basal planes of graphite terminating the diamond nanoparticle surface. This has profound implications for many applications of nanodiamond, especially biological ones where reactive sp 2 species are highly undesirable.
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Experimental section
Material preparation
Commercial nanodiamond powders sourced by Microdiamant Switzerland (MSY 0-0.05, monocrystalline diamond powder produced by high pressure-high temperature) were used in this study. Six different powders' treatments were compared as well as untreated diamond powder. An air treatment was performed by heating the diamond particles in a furnace under air atmosphere at 480°C for 5 hours. For the molecular hydrogen gas treatment, the diamond nanoparticles were annealed in hydrogen gas (hydrogen gas was flowed at 100 sccm) at 500°C and at 10 mbar for 5 hours. 1 For the vacuum annealing treatment, the diamond particles were heated in vacuum (1 × 10 −3 mbar) at 1000°C for 2 hours. The same vacuum annealing treatment was performed to another set of nanodiamond powder, but after the 2 hours of vacuum annealing treatment, the particles were taken outside the vacuum chamber and were placed inside again to perform a molecular hydrogen treatment under the same conditions as explained before. The same treatment was carried out (vacuum annealing followed by hydrogen annealing) but both the vacuum annealing an hydrogen annealing were performed inside the vacuum chamber, in situ, cooling down the samples from 1000°C to 500°C after the vacuum annealing. In the last treatment, the diamond particles were first annealed in air (480°C, for 5 hours) and then the vacuum annealing followed by hydrogen treatment was conducted. Different aqueous colloids were prepared from the abovementioned treated powders by dispersing 0.1 g of powder in 200 ml of deionized water. The colloids were dispersed via high power ultrasound (Sonics Vibra-cell VCX 500) at 200 W (3 s on 2 s off duty cycle) for five hours and the colloids temperature was kept below 20°C. All the solutions were decanted after been settled for 24 hours, to remove any large sonotrode contaminants. The solutions were centrifuged at 20 000g at 10°C in a Sigma 3-30 KS centrifuge. 1 
Material characterization
Dynamic light scattering (DLS) and Nanoparticle tracking analysis (NTA) measurements were performed to confirm the particles' size distribution. A Malvern Zetasizer Nano ZS equipped with a 633 nm laser in backscattering configuration (173°) and a Malvern Nanosight LM10 equipped with a 635 nm laser were used respectively. Zeta potential measurements and pH titration measurements were made in the Malvern Zetasizer Nano ZS, using the MPT-2 autotitration accessory. 0.1 M HCL and 0.1 M of NaOH were used as acid and base titrants. Particle size distributions are the average of 100 × 30 s scans and zeta potential of 3 × 100 scans. The colloids were de-gassed by nitrogen flow.
Reverse titrations were performed by making aqueous colloids of mass/volume concentration 1% and diluting by 1 : 10 seven times until a constant pH was reached. The pH was measured by a Mettler Toledo. The colloids were de-gassed by nitrogen flow as was the de-ionised water used for dilution.
Raman measurements were recorded in an inVia Renishaw confocal Raman microscope equipped with a 532 nm laser. All the measurements were acquired using the same parameters: 10 seconds acquisition time and 50 accumulations.
To study the surface groups present on nanodiamonds' surfaces FTIR measurements were performed. For the FTIR measurements all the treated powders were prepared as previously described and were transferred to a UHV chamber. 12 FTIR measurements were conducted in situ and chamber base pressure was maintained around 5 × 10 −7 Torr. The samples were annealed using electrically controlled heating device under UHV at 550°C to remove loosely bounded hydrocarbons and the spectra were collected using a Bomem MB154 FTIR with MCT-liquid nitrogen cooled detector. The resolution was set to be 4 cm −1 , and 400 scans were used. To avoid IR background signal from the elevated temperatures, annealed samples were cooled down to room temperature for the measurement.
Particle surface morphology and structure were examined by High Resolution Transmission Electron Microscopy (HRTEM).
High resolution TEM images were performed in a FEI Titan. 3 The microscope was operated at low acceleration voltage (80 kV) to minimize beam damage and prevent undesired diamond nanoparticles' surface graphitization or sample contamination. As is well known, the electron beam can induce the formation of a graphitic-like outer shell, 13 and can also promote volatile carbon species present in the sample to be re-absorbed into other areas of the sample. 14, 15 TEM specimens were prepared by dispersing the powders in ethanol via ultra-sonication and the solutions were drop cast onto a perforated-carbon TEM grid.
Results and discussion
Three different samples were imaged in HRTEM to study the particle surface morphology. The first one consists of the untreated diamond powder, shown in Fig. 1a and b. Most of the untreated particles imaged presented a crystalline diamond core, however some of them showed an amorphous outer shell surrounding the diamond core.
To confirm the influence of the sp 2 in the diamond nanoparticles' positive zeta potential and low temperature hydrogenation, we intentionally created sp 2 bonding. We promoted surface graphitization by annealing the diamond nanoparticles in vacuum at 1000°C. 16 In Fig This band, known as G-band, is due to the bond stretching of sp 2 atoms in both rings and chains. 17, 18 Different Raman characteristic peaks are present in the samples that have been previously vacuum annealed, shown in Fig. 2a (iv)-(vi). The diamond peak is still present although it is less intense and broader compared to its G-band than in the previous treated samples. This is because nanodiamond can undergo a phase transition from diamond to graphite under high temperature vacuum annealing processes. 19 Three different peaks arise.
The first and broad peak appears between 1100 cm −1 and 1150 cm −1 , and has been related to sp 2 structures known as trans-polyacetylene structures, related to hydrogen presence. 20, 21 Although molecular hydrogen was not introduced in the chamber while annealing the sample in Fig. 2a(iv) , hydrogen was present in the vacuum annealed sample as molecular hydrogen can be desorbed from the vacuum chamber walls. 22 The second peak, around 1350 cm −1 , corresponds to the wellknown D-band, and is due to breathing motion of sp 2 rings. 18 The third emergent peak is located at 1582 cm −1 and is characteristic of graphitic-like materials, clearly indicating that graphitic structures have been formed after the annealing at 1000°C. 23 Apart from the graphitic structures formed on the nanodiamond's surface, the presence of different functional groups can influence the zeta potential, as well as the acidic or basic character of nanodiamond aqueous solutions. Fourier Transform Infrared Spectroscopy (FTIR) measurements were performed (see Fig. S2 in ESI † for details) to determine these surface complexes, and the spectra of the variously treated nanodiamonds are shown in Fig. 2b and c. It should be noted that these measurements were performed in high vacuum in order to remove any influence of organic contaminants.
As can be observed, there is a significant difference between the nanodiamonds annealed in vacuum at 1000°C, Fig. 2b(iv)-(vii) , and those that were not annealed, Fig. 2b(i)-(iii) . For all the samples, the first band region with noticeable peaks is between 1000 cm −1 and 1300 cm −1 . This broad band is generally associated with C-O-C stretching vibrations of cyclic ether 24 and exits frequently on diamond surface but not in large quantity. The C-O-C peak can be changed through oxygenation processes (air annealing treatments) at different temperatures resulting in CvO products on diamond surface with desorption of either CO 2 or CO. 25 Moreover, two distinguishable broad peaks are observed in the region between 1250 cm −1 and 1500 cm −1 . The peak at 1265 cm −1 is attributed to CO bending vibration, and the peak between 1380 cm −1 and 1440 cm −1 corresponds to the asymmetric -CH bending vibration. These two peaks are due to the presence of the ester group (CH 3 -COOR). The CO intensity is significantly reduced in the samples annealed in vacuum and thus followed by hydrogen treatment represented in Fig. 2b(v) -(vii). This peak's intensity reduction indicates the -CO desorption/substitution by H during ND annealing at elevated temperature. 26 A small intensity peak appears at 1620 cm −1 . This peak is associated with -OH bending vibration due to the presence of water outside environment or due to the carboxyl group (-COOH) on ND surface. The corresponding -OH stretching mode is a wide band observed between 3200 cm −1 -3600 cm −1 .
There is a remarkable feature difference between the samples in which a vacuum annealing treatment and hydrogen annealing treatment were performed (samples v to vii) and the samples without a vacuum annealed treatment (samples i to iii). This is observable in the band range 1600 cm −1 to 1800 cm −1 . The broad peak centred at 1778 cm −1 corresponds to CvO stretching modes, and demonstrates the presence of carboxyl groups. This peak intensity is dramatically reduced in the samples after the vacuum annealing/hydrogenation process.
26,27 Another meaningful change is observed on the band ranging from ∼2800 cm −1 -3000 cm −1 shown in detail in This result indicates the effect of sp 2 carbon on hydrogen dissociation as -CH peaks are not formed on the sample shown in Fig. 2c(iii) . It is noted that for the sample in Fig. 2c(iv) annealed at 1000°C in vacuum without the external source of hydrogen in chamber, -CH is formed through the interaction of hydrogen desorbed from chamber wall at elevated temperature (>500°C).
To investigate the origin of the positive/negative zeta potential, we prepared colloids out of the treated diamond powders as detailed in the Experimental section. Fig. 3a shows the zeta potential versus pH for the different colloids. The solid-liquid interface behaviour is strongly dependant on the surface treatment, due to the presence of different functional groups on the diamond nanodiamond's surface. 2, 29 Negative zeta potential values are well understood.
For example, in untreated powders, most of the diamond surface is covered by oxygen containing groups, such as car- boxyl, carbonyl, alcohol and ethers, generated during nanodiamond production and acid purification. The negative zeta potential can be explained due to the dissociation of these carboxyl (COOH) and carbonyl (CvO) groups in the diamond particles' surface. 8 In this work, negative zeta potential values were also measured in the colloids prepared from powders previously annealed in air, in molecular hydrogen, and after a vacuum annealing at 1000°C. The colloid obtained from air treated powder shows the most negative zeta potential, with values ranging from −35 mV at pH 3 to −55 mV at pH 11, being stable in the whole range of pH (colloids stability is defined as absolute zeta potential values greater than 30 mV).
Air annealing treatments have been thoroughly used not only to remove the non-diamond content in the particles' surface, but also to oxidize diamond particles' surfaces. 7, 8 This treatment allows the creation of the aforementioned oxygen containing groups. The dissociation of these COOH and CvO groups present on the nanodiamond's surface lead to negative zeta potential values, which become less negative at low pH due to a higher hydrogen ion concentration at acidic pH values. A similar trend is observed for the hydrogen annealing treatment (with no previous vacuum annealing). As confirmed in the FTIR spectra, oxygen groups (CvO mainly) are still present after the hydrogen treatments, resulting in negative zeta potential values. Nevertheless, it has to be taken into account that previous works on detonation nanodiamond (5 nm particle size) show a positive zeta potential after the same molecular hydrogen treatment, but was proved to be ineffective for larger particles. 1, 30 This is due to the large quantity of non-diamond content (sp 2 ) present on the detonation nanodiamond surface which cannot be completely removed, and was explained in terms of the basicity of carbon surfaces. 31 Back titrations of the various surface treatments are shown in Fig. 3b . It is clear that the air annealed sample shows the strongest acidity vs. concentration, which is easily explained by its low concentration of sp 2 and high concentration of COOH groups. These COOH groups become de-protonated making the solution more acidic with increasing concentration of particles as well as generating a negative zeta potential as seen in Fig. 3a . The concentration of these COOH groups is somewhat depleted by vacuum annealing or annealing in molecular hydrogen as evidenced by their reduced acidity vs. particle concentration and reduced zeta potential magnitude vs. pH. However, upon vacuum annealing followed by hydrogen annealing the samples exhibit clear basicity, increasing with concentration. This basicity is even more pronounced with the detonation nanodiamond (5 nm) particles. The origin of the basicity of nanodiamond surfaces and the associated positive zeta potential has been controversial. Several models have been proposed to explain it but generally assume a pristine (sp 2 free) diamond surface. 4, 32 37 or weakness 35, 38 of pyrone-type structures as basic sites is controversial, but a relatively high amount of these structures are necessary to explain carbon basicity, which are not seen in FTIR. The positive zeta potential can also be associated with the protonation of amino groups in acidic environments. 39 But amino groups are also not present on these nanodiamonds. Petit et al. 32 attribute positive zeta potentials in graphitised detonation nanodiamond (5 nm particle size) to O 2 molecule adsorption on basal planes, but this would not explain the basicity which is simultaneously observed. In the case of this work, all titrations were performed with deoxygenated water. One of the most generally accepted explanation regarding the carbon basicity comes from the electron-donor-acceptor (EDA) complex. In this complex, π electron-rich regions located in the basal planes, can interact with oxonium (H 3 O  + ) ions. 40, 41 In other words, oxygen-free carbon sites can absorb H 3 O + ions to provide a diamond's surface with positive charge and so basic properties. Another possibility is related to oxygen-free Lewis base sites on the basal planes within the graphene layers. 42 Both models are represented in Fig. S4 (see ESI †). After annealing the powders in vacuum at high temperature (1000°C), graphite is created forming an outer-shell of the diamond core particles, and leaving oxygen-free Lewis base sites. As the surface graphite is highly reactive, it can reabsorb oxygen on exposure to air, and hence exhibit a negative zeta potential. However, if samples after the vacuum annealing are terminated with hydrogen, active sites are no longer present for the oxygen absorption. 42 This leaves particles with little or no COOH on the surface with graphitic planes exposed to the aqueous solution. These planes can become protonated by H + from the solution, which would simultaneously generate a positive zeta potential whilst rendering the solution basic. 42 This would only work with samples with little oxygen and some sp 2 on the surface, as evidenced by the vacuum annealed/hydrogenated samples. This is further evidenced by the enhanced basicity seen on detonation nanodiamond particles which have a much higher concentration of sp 2 at the surface, as seen in Fig. 3c . Far stronger basicity is seen, which correlates with the higher concentration of basal planes for protons to diffuse into. These detonation nanodiamond particles also exhibit a strong positive zeta potential as previously reported. 1 
Conclusions
In summary, the positive zeta potential and associated basicity is only exhibited on nanodiamond with non-zero concentrations of sp 2 bonding, specifically graphene like shells.
These shells can become protonated, generating a net positive charge and zeta potential. At the same time the extraction of protons from the water results in pronounced basicity. This is significant as many applications in areas such as biology cannot tolerate sp 2 bonding at the surface and thus mechanism for generation of the positive zeta potential such as surface derivatisation is required.
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